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Abstract 
Bone formation, also known as osteogenesis, occurs in three distinct phases: 
proliferation, during which cells multiply, form nodules, and begin expressing early stage 
osteogenic markers; extracellular matrix development and maturation, during which mature cells 
in nodules build a collagen matrix and secrete the building blocks for mineralization; and 
mineralization, during which bone mineral crystals nucleate and grow. While it is known that 
cell proliferation, maturation, morphology, and density all play a role of in osteogenesis, most 
studies of controlled cell differentiation either focus proliferation and maturation in large cell 
colonies or morphology of single cells. However, large cell colonies are difficult to examine 
because of the presence of multiple bone nodules and mineral nucleation sites, and the single cell 
differentiation experiments ignore the importance of cell proliferation, cell maturation, and cell-
cell contact/interaction. In this work, microcontact printing is used to pattern 19 kPa hydrogel 
substrates with 1000, 500, 250, 100, 50, and 25 micron diameter circles of fibronectin and 
collagen.  Experiments were conducted in which cell proliferation of D1 ORL UVA cells was 
measured as the cells filled the patterns. Cell seeding density and cell density at confluence do 
not depend on media type or feature size, as long as cells are not confined to a small area (25 
micron). The fold increase is significantly higher for larger features, where the cells have ample 
area to rapidly proliferate, but not significant for smaller features where the cells do not rapidly 
proliferate. Proliferating cells have an elongated morphology and mature cells at confluence are 
cuboidal. In future work, quantitative cell shape, proliferation, and early osteogenic and 
adipogenic marker data will be combined into a simulation to further study osteogenesis. 
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Chapter 1. Introduction 
1.1. Background & motivation 
Bone is the primary structural support in the body and is constantly undergoing repair and 
remodeling. Bone formation in vivo can be separated into the three phases (1) proliferation, (2) 
extracellular matrix (ECM) development and maturation, and (3) mineralization [1]. During the 
proliferation phase, pre-osteoblasts are rapidly dividing, are of a more elongated, fibroblast-like, 
morphology, and express early markers for osteogenesis [2]. A common early marker for 
osteogenesis is alkaline phosphatase, although it is not exclusive to osteogenesis [3]. As the local 
cell density increases, the proliferation rate decreases [4], and the cells change to a more 
cuboidal morphology to tightly pack together (Fig. 1), forming bone nodules, or clusters of cells.  
The formation of bone nodules marks the end of proliferation, as the cells begin to mature 
and secrete ECM proteins. The osteoblasts prepare for mineralization by laying down a 
framework of collagen. Then the osteoblasts secrete matrix vesicles that contain enzymes and 
other necessary components for mineralization [5]. Although the average size of nodules has 
been studied, the minimum size for nodule formation is still not known [6]. It is also thought that 
cells must be at a certain maturation phase, by having gone through a sufficient amount of 
population doublings, in order to form nodules, as well as a certain density [7]. Thus, both 
proliferation and cell density are important for osteogenesis. Although the proliferation and cell 
morphology changes occur simultaneously, their exact relation is unknown, and it is unknown at 
what cell density these changes occur.  
After the maturation of bone nodules, the secreted matrix vesicles initiate mineralization, 
and eventually, the mineral crystals break through the vesicle membrane and the crystal 
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continues to grow in the matrix. Meanwhile, the cells either migrate away from the deposition 
site or undergo apoptosis so that are not trapped inside the mineralized tissue.  
 
Figure 1. During osteogenesis in vivo, multipotent cells begin down the osteogenic lineage, going 
through several divisions to maturation. After proliferation, elongated pre-osteoblasts become cuboidal 
osteoblasts [2]. 
 
As in vivo studies are costly, complex, and potentially harmful to the subject, cells are 
often cultured in vitro to study the early stages of osteogenesis. Cells are often compared for 
osteogenic or adipogenic differentiation potential since mesenchymal stem cells (MSCs) can 
differentiate down both lineages. Until the early 2000’s, most in vitro studies focused on 
chemical cues for osteogenesis and examined different soluble factors in media [8]. In these 
studies, cells grew over the entire substrate. However, more recent in vitro studies focus on 
physical cues for osteogenesis, such as substrate material [9], stiffness [10], geometry [11], [12], 
and adhesion proteins [13]. In order to control geometry and adhesion proteins, researchers use 
microcontact printing (µCP) to coat a specified area (e.g. a circle, square) with protein on a 
substrate, thus limiting where cells adhere and proliferate [14], unlike in earlier studies. All of 
these studies collectively build a fundamental knowledge of osteogenesis and cell differentiation. 
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Control of cell differentiation is useful for cell and tissue engineering, such as osteogenic 
scaffolds for bone repair [15].  
1.2. Proliferation and osteogenesis on unpatterned substrates in vitro 
Proliferation and cell maturation are important for osteogenesis, and their effects on 
osteogenesis have been observed on unpatterned substrates. On unpatterned substrates, it is 
known that proliferation rates of cells cultured in growth media are independent of seeding 
density as long as the cells have not reached confluence [16]. As the cells reach confluence, 
proliferation rate decreases [17] because there is limited space on the substrate for additional 
cells. Further, the number of cells at confluence is independent of seeding density [18] and 
confluence is independent of seeding density and proliferation rate. However, the relationship 
between proliferation rate and osteogenic differentiation is more complicated. Different cell 
types that are at different points down the osteogenic lineage show different relations between 
osteogenesis and proliferation. MSCs show a direct relationship between differentiation and 
proliferation, and E1s show an inverse relationship between differentiation and proliferation 
[19]. Since MSCS are stem cells, i.e. pre-osteoblasts, and E1s are commonly used to model early 
osteoblasts [20], this suggests that in the early stages of osteogenesis, increased proliferation may 
support differentiation, while it may reduce differentiation at later stages. 
To promote osteogenic differentiation in vitro, cells are cultured in osteogenic media, 
which is growth media containing additional soluble factors that influence differentiation [21], 
[22]. Thus cells cultured in osteogenic media have an increased expression of osteogenic markers 
in comparison to cells cultured in growth media [23]. Cells cultured in osteogenic media have a 
decreased proliferation rate [24]. Thus in comparison with cells cultured in growth media, cells 
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cultured in osteogenic media have a decreased emphasis on proliferation and an increased 
emphasis on differentiation.  
Although unpatterned substrates provide a similar environment to in vivo conditions and 
cells can proliferate and mature on the larger area, the scale of system is too large to isolate 
regions of interest. Thus people use µCP to pattern substrates to examine smaller areas and cell-
cell interactions, such as single cell or multicellular (tens of cells) clusters. 
1.3. Single cell osteogenesis on patterned substrates in vitro 
Most of the studies using microcontact printing to pattern substrates to observe in vitro 
osteogenesis focus on single cell differentiation to eliminate the effects of cell-cell interactions 
(summary in Table 1). These studies use proliferation-regulating drugs to ensure single-cell 
behavior. Single cells confined to areas smaller than 900 micron2 show less osteogenic 
differentiation [11], [26] because pre-osteoblasts are elongated during early stages of 
differentiation. Cells confined on rectangles with higher aspect ratio show higher osteogenic 
differentiation [12], [27]. Kilian et al. found that cells confined to geometries (such as stars and 
flowers) that create more stress on the cell cytoskeleton and increase acto-myosin contractility, 
with cell area set at 2500 micron2, also have higher osteogenic potential [12]. Fu et al. [28] found 
results opposite of all these; cells confined to areas of 314 micron2 without extended processes 
had lower osteogenic potential than cells confined to 1256 micron2, and processes (that increased 
acto-myosin contractility). However, Fu et al. also examined apoptosis of cells, when other 
studies do not. They showed that cells on smaller features are more likely to undergo apoptosis, 
meaning that on smaller features, only osteogenic cells survive. In contrast, on larger features 
both osteogenic and non-osteogenic cells survive, thus showing overall that larger features are 
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less osteogenic on average because they have both osteogenic and non-osteogenic cells. 
Therefore overall, cells during the early stages of osteogenesis prefer a spread cell morphology. 
1.4. Multi-cellular osteogenesis on patterned substrates in vitro  
Although studies on single cell differentiation provide a detailed, fundamental view of 
factors that influence differentiation, their conclusions may not hold in vivo since cells are not 
isolated from each other. Thus multicellular systems are studied. According to Peng et al., there 
are two main effects when determining multicellular differentiation potential based on local cell 
density: the cell-cell contact effect and the cell size effect (Fig. 2, [25]). These two effects 
compete against each other for?? the promotion of osteogenic differentiation. With a high cell 
density, more cells are in contact with each other, which increases osteogenesis, and the cells are 
smaller, which decreases osteogenesis. As described with single cell differentiation, osteogenesis 
is more promoted with larger feature sizes; pre-osteoblasts prefer an elongated morphology. 
However, when cells are in contact, cells communicate through cell-cell junctions and promote 
differentiation for all connected cells. The more cells that a cell is in contact with, the more 
likely that the cells will differentiate, and the cells will differentiate along the same lineage, i.e. 
cell-cell contact increases differentiation [29]. When multiple cells are patterned on single 
feature, osteogenic potential may remain near constant because of these two competing effects – 
cells that are highly dense have more contact, increasing differentiation, but also have less area, 
decreasing osteogenic differentiation. Meanwhile, adipogenesis is highly promoted at high cell 
density because adipogenic cells prefer a small and rounded morphology, and prefer to be in 
contact, thus a high cell density promotes adipogenesis. Thus the contact and size effects are 
competitive in osteogenesis and complimentary in adipogenesis.  
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Figure 2. A) Cell size and cell-cell contact contributors to osteogenesis and adipogenesis. With 
increasing cell size, osteogenic potential increases and adipogenic potential decreases. With increasing 
number of cell-cell contacts, both osteogenic and adipogenic potential increases. B) With increasing cell 
density, adipogenic potential rapidly increases with increasing cell density because the two effects are 
complimentary, but osteogenic potential moderately increases with cell density because the two effects are 
competitive. [25]. 
 
All current multicellular studies involve few cells (tens of cells) because the patterns used 
are relatively small (<10,000 micron2). Therefore, even though they show the importance of cell-
cell contacts, they do not provide insight to the importance of proliferation in osteogenesis. Thus 
far, either proliferation or differentiation has been the focus of studies. 
1.5. Goals of current work 
The work presented here is a portion of a larger project studying proliferation and 
differentiation over a large range of feature sizes. This work aims to use the precision of 
patterning to study larger systems to better represent to in vivo conditions. 
Although µCP has become a common practice in patterning substrates for biology, the 
process of µCP slightly varies for each different application because of different substrate 
materials and feature geometries, amongst other things. Thus, the first goal of this work is to 
optimize patterning for this range of feature sizes on 19 kPa polyacrylamide gels. 
A B
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The second goal of this study is to examine cell seeding, shape, proliferation, and 
confluence on the patterned substrates. Current works on patterned substrates emphasize single 
cell or small cell colony differentiation, and do not extend to proliferation, which is important for 
osteogenesis. Meanwhile, unpatterned substrates are too large to isolate and examine one specific 
region of interest from neighboring regions. This study aims to observe proliferation in a 
controlled area to compare the effect of feature size as a means to understand osteogenesis.  
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Chapter 2. Methods 
2.1. Terminology 
The process of seeding cells on patterned substrates via microcontact printing (µCP) 
involved six main processes to produce a pattern of protein on a gel substrate (Fig. 3). In order to 
facilitate the discussion of this work and prevent confusion of similar terms, several key terms 
are defined below. 
Pattern. The “pattern” refers to the design layout (Fig. 4). The goal of µCP was to 
transfer this pattern from the silicon master to the stamp, and then from the stamp to the gel.  
Feature. A “feature” refers to the set of elements in the pattern with a specific diameter. 
In this study, the pattern contained six feature sizes. The diameters of the features are 1000, 500, 
250, 100, 50, and 25 micron. 
Repeat. A “repeat” refers to an individual spot of a certain feature size. In this study, the 
pattern contained four 1000 micron repeats, six 500 micron repeats, eight 250 micron repeats, 
nineteen 100 micron repeats, thirty-seven 50 micron repeats, and seventy-three 25 micron 
repeats. 
Gel. The “gel” refers to the polyacrylamide hydrogel. When discussing the sample size 
for statistical significance, gel refers to one gel which is contains one pattern. 
Stamp. The “stamp” refers the polydimethylsiloxane (PDMS) gel used for transferring the 
pattern onto the polyacrylamide gel.  
Experiment. An “experiment” refers to the process of patterning the gels as a whole. The 
experiment began with making gels and stamps. The experiment ended with imaging. During 
one experiment, typically four to six gels were patterned.  
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Figure 3. Schematic of patterning process divided into the main steps. (A) PDMS stamp formation, 
PDMS was casted over a silicon master to create a stamp with the mirror image of the pattern. (B) 
Polyacrylamide gel formation, a pre-polymer solution was casted between coverslips to form a thin gel. (C) 
Stamp inking, the stamp was covered in a protein solution to create a monolayer of protein.  (D) Gel surface 
preparation, the gel’s surface was prepared for protein attachment. (E) Stamping, the stamp made contact 
with the gel, transferring the protein pattern. and (F) Cell culture, cells were seeded onto the gel, and 
attached to the protein pattern. 
A. PDMS 
stamp 
formation 
B. Polyacrylamide 
gel polymerization 
C. Stamp 
Inking 
D. Gel surface 
preparation 
E. Stamping 
F. Cell 
culture 
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Figure 4. The pattern that was used in this study contained four 1000 micron repeats, six 500 micron 
repeats, eight 250 micron repeats, nineteen 100 micron repeats, thirty-seven 50 micron repeats, and seventy-
three 25 micron repeats. 
 
2.2. PDMS stamp fabrication 
A six-inch silicon wafer was fabricated as a master mold for PDMS stamps according to 
previously developed standard photolithography techniques [1]. Briefly, the silicon wafer was 
coated with a photoresist, SU-8 (MicroChem). A 25,400 DPI film photolithography mask, 
containing several different patterns, (Appendix. Fineline Imaging, Colorado Springs, CO) was 
made and placed over the wafer. The wafer was exposed to UV light, projecting the mask 
patterns onto the wafer. The wafer was coated with polytetrafluorethylene (MicroChem) to 
prevent the PDMS from sticking to the wafer. The wafer was cut with a diamond cutter so that 
only one pattern was on a single piece of silicon, creating pieces that were more manageable for 
handling during later steps. 
After fabrication, the silicon master was washed in deionized water and then ethanol, and 
dried. The master was placed in a dessicator and sealed under vacuum with a 10 µl tridecafluoro-
(1,1,2,2,-tetrahydroocytl)-1-trichlorosilane (Gelest, Inc., Morrisville, PA), a release agent, for 1 
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hour. The wafer was rinsed in ethanol and allowed to dry overnight. Several PDMS stamps may 
be casted from one treatment of release agent, so this process was repeated regularly as 
necessary. 
The silicon master was used to fabricate PDMS stamps. The two components of the 184 
Silicone Elastomer Kit (Ellsworth Adhesives, Germantown, WI) were combined at a ratio of 
10:1 base to cross-linker, stirred for 5 minutes, and poured over the silicon wafer. Air bubbles 
were removed using a dessicator and the mixture was cured for 24 hours. The PDMS stamps 
were removed from the silicon master, rinsed in ethanol, and dried in air for at least 30 minutes 
or until use. 
2.3. Polyacrylamide gel fabrication 
Polyacrylamide (PA) gels with 19 kPa stiffness and 0.4% wt acrylic acid were made. 
First, 22 cm x 22 cm coverslips were placed in a solution of 10% 3-(trimethyoxylsilyl) propyl 
methacrylate (Sigma, St. Louis, MO) for 30 minutes, rinsed in ethanol, and dried on a hotplate in 
order to make the coverslip hydrophilic. A prepolymer solution of was prepared with acrylamide 
(Bio-Rad, Hercules, CA), bis (Bio-Rad), HEPES-buffered saline solution (Lonza, Walkersville, 
MD) and deionized water. In order to start the polymerization reaction, the prepolymer solution 
was mixed with 10% ammonium persulfate (Bio-Rad) and tetramethylethylenediamine (Bio-
Rad). 20 µl of the solution was placed on an 18 cm x 18 cm coverslip (hydrophilic side) and 
topped with the 22 cm x 22 cm coverslip (hydrophobic side), so that gel made 18 x 18 gels on 22 
x 22 glass. The gels were set to polymerize, typically around 3 minutes, and then the two 
coverslips were separated manually, leaving the gel on the larger coverslip. The gels were 
washed with phosphate buffered saline (PBS) to wash away unpolymerized gel solution and 
stored in PBS to keep the gel hydrated until use.   
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2.4. µCP process parameter optimization 
The process of patterning gels involves several steps, each with its own process 
parameters. Some process parameters were fixed because there is a consensus in the literature or 
the process followed previously established procedures from the Wagoner Johnson group [2]. 
For some steps, the value of the process parameter needed to be determined because the value 
varies in the literature and between labs. These values may depend on factors, such as substrate 
stiffness and feature size. In this study, stamp inking time, protein solution, stamp drying 
method, stamp drying time, gel dehydration, weight applied to the stamp, stamp-gel contact time, 
and absorption after stamping were optimized (Table 2).  
2.4.1. General µCP procedure 
The general procedure for patterning gels is described below, with the variable process 
parameters noted. PDMS stamps were covered in a protein solution (protein solution 
composition) for a set of time (stamp inking time). The protein solution was removed (stamp 
drying method), and allowed time to dry (stamp drying time). PA gels were removed from PBS 
solution and treated with 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) / N-
hydroxysuccinimide( NHS) (Thermo Fischer Scientific Inc., Waltham, MA) solution for 30 
minutes. The EDC/NHS solution activated the carboxyl groups, allowing an amide bond to form 
between the acrylic acid and the protein. The PA gels were rinsed in deionized water to remove 
the EDC/NHS solution. The gels were partially dehydrated on a hot plate (hydration state of gel). 
The stamp was placed on top of the activated gel (pressure applied to stamp) and removed after 
pattern transfer (stamp-gel contact time). The gel was given time for the acrylic acid and protein 
to form bonds (absorption time after stamping) before being rinsed and rehydrated in PBS. The 
PDMS stamp was rinsed in ethanol to be used again. 
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2.4.2. Process parameters to be optimized 
Stamp inking time: 0 min, 30 min, 60 min, overnight (8 hours). Stamp inking time refers 
to the time that the protein solution was on the stamp in order to adhere to the stamp before the 
solution was removed, leaving a monolayer of protein on the stamp. 
Protein solution composition: protein in PBS; protein, tween, and glycerol in PBS. 
Protein solution composition refers to the composition of the protein solution. There were two 
protein solution compositions that were used. The first composition is simply protein in PBS, 
which many others use in µCP [1], [3], [4]. The other was a solution with the protein in PBS 
combined with protein-deaggregates (glycerol, Tween-20).  This formulation was used 
previously for electrohydrodynamic jet printing to prevent protein aggregation and reduce 
evaporation of the solution [2]. During parameter optimization, the protein in the solution was 
goat anti-mouse IgG fluorescent antibody (Thermo Fisher) in order to visualize patterning.  
Stamp drying method: wick with Kimwipe; blow-dry with compressed air; combination; 
air dry. The stamp drying method refers to the method used to remove the protein solution from 
the stamp before the stamp was applied to the gel. If the protein was still in solution on the stamp 
before being applied to the gel, the excess solution may transfer to the gel over the whole gel, 
rather than just to the desired pattern. There were fourth methods used for removing the excess 
protein solution from the stamp (1) wicking with a Kimwipe, (2) blow-drying with compressed 
air, (3) first wicking with a Kimwipe, then blow-drying with compressed air, and (4) allowing 
the gel to air dry (effectively no method of removal).  
Stamp drying time: 0 min, 30 min, 60 min, overnight (8 hours). The stamp drying time 
refers to the time the stamp sits once the protein solution was removed before stamping the gel. 
Similar to above, the protein solution needed to be dry so that excess solution did not transfer 
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protein to regions outside the pattern. On the other hand, the monolayer of protein still needed to 
contain enough water to remain hydrated or the proteins will be damaged. 
Hydration state of the gel: fully hydrated, partially dehydrated. The hydration state of the 
gel refers to an additional step in the gel preparation process in which the gel was dehydrated, 
creating a less slippery surface for stamping, and allowed better protein transfer from the stamp 
to the gel. Although gel dehydration is not mentioned in µCP literature, this dehydration step was 
used in electrohydrodynamic printing [2]. The gel was dehydrated by placing the gel onto a hot 
plate on setting 3 for a few minutes, until liquid droplets were no longer visible. 
Pressure applied to stamp: no additional pressure, static pressure – 5 g, static pressure – 
10 g, dynamic pressure. Pressure applied to stamp refers to the amount and method of pressure 
applied to the stamp during contact with the gel. µCP requires intimate contact between the 
stamp and the gel; however, the amount of pressure that best transfers the protein varies with 
application.  Several methods were used to apply pressure to the stamp. No additional pressure 
relies on gravity to create even contact between the gel and stamp. If this pressure is still 
inadequate, pressures caused by 5 g or 10 g weights may be sufficient. However, gels and stamps 
may be too variable to rely on a static pressure, so dynamic pressure was applied manually.  
Stamp-gel contact time: 0 s, 10 s, 30 s, 60 s (1 min), 5 min. Stamp-gel contact time refers 
to the time that the gel and stamp were left in contact for protein transfer before the stamp was 
removed from the gel. Similar to above, protein transfer was reliant on stamp and gel contact. In 
addition to pressure, there may be a time dependence for protein transfer. 
Absorption time after stamping: 0 min, 30 min, 60 min. Absorption time after stamping 
time refers to the time that the protein was allowed to absorb to the gel before rinsing and 
rehydrating the gel. This time may be required in order for the protein-acrylic acid bond to 
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stabilize. After adequate absorption, the gel was rinsed to remove non-absorbed protein and 
rehydrate the gel. 
Table 2. Process parameters. 
Process parameters Values tested 
stamp inking time 0 min 
30 min 
60 min 
overnight (8 hours) 
protein solution composition protein in PBS 
protein, tween, and glycerol in PBS 
stamp drying method wick with Kim wipe 
blow-dry with compressed air 
combination 
air dry 
stamp drying time 0 min 
30 min 
60 min 
overnight (8 hours) 
hydration state of gel fully hydrated 
partially hydrated 
pressure applied to stamp  no additional pressure 
static pressure – 5 g 
static pressure – 10 g  
dynamic pressure 
stamp-gel contact time 0 s 
10 s 
30 s 
60 s (1 min) 
5 min 
absorption time after stamping 0 min 
30 min 
60 min 
 
2.4.3. Assessment of stamping process parameters 
The process parameters were assessed for (1) feasibility and (2) completeness. Feasibility 
refers to the ability of the procedural step to be completed repeatedly and reliably. Completeness 
refers to qualitatively, the amount of protein transferred to the gel. 
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Feasibility was qualitatively assessed. If a value for the process parameter caused no 
protein transfer, the value was determined to be unfeasible and eliminated from further analysis. 
As long as some protein was transferred successfully, no matter how little, the feature was 
further analyzed for completeness. 
After initial feasibility testing, unfeasible values were eliminated and the remaining 
values were tested for completeness. The ultimate goal of µCP is to provide an adequate amount 
of protein for cell attachment, which is qualitative, so completeness was initially measured 
qualitatively. However, after the process parameters were determined, the gel patterning was 
quantitatively evaluated (discussed below) by analyzing fluorescent images of the transferred 
protein on the gel.  
The gels were imaged on a Leica DMI 4000 B microscope (Leica Microsystems Inc. 
Buffalo Grove, IL) under 4X and 10X magnification using HCImage software (Hamamatsu 
Corporation, Sweickley, PA) using a 490/520 excitation/emission fluorescent laser, based on the 
fluorescent molecule on the antibody. For each gel, the number of complete feature repeats, 
defined by complete or nearly complete transfer of protein, was counted, and types of incomplete 
transfer of protein were classified.  
The count for number of complete repeats was normalized to the number of repeats on 
the gel to make the fraction of complete repeats. Several experiments were ran for each set of 
process parameters in order to have a sufficient number of gels for statistical analysis (n ≥ 5). 
Statistical significance was tested using analysis of variance (ANOVA) with Tukey post-hoc test 
in OriginLab (OriginLab, Northampton, MA).  
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2.4.4. Quantification of amount of protein transfer 
Based on the assessment of the process parameters, the optimized parameters were 
determined. Several gels were patterned under the optimized condition and imaged. A custom 
written MATLAB code applied a threshold to the raw grayscale images using the balanced 
histogram method, which divided the background and foreground of an image. The threshold 
was determined when the two (foreground and background) have the same weight. Otsu’s 
method of thresholding was also used, but the results from the balanced histogram method 
agreed more with the results from cell culture data than Otsu’s method. After thresholding the 
area, the fraction of patterned area was computed by 
 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑝𝑎𝑡𝑡𝑒𝑟𝑛𝑒𝑑 𝑎𝑟𝑒𝑎 = 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑟𝑒𝑝𝑒𝑎𝑡 𝑜𝑛 𝑔𝑒𝑙𝑎𝑟𝑒𝑎 𝑜𝑓 𝑟𝑒𝑝𝑒𝑎𝑡 𝑜𝑛 𝑃𝐷𝑀𝑆 𝑠𝑡𝑎𝑚𝑝 Eq. 1 
The area on the PDMS slightly varied feature-repeat to feature-repeat because of 
variability caused at every step of stamp production – production of the photolithography mask, 
photolithography on the silicon wafer, and PDMS stamp polymerization. 
Several gels were patterned in order to get a sufficient number of repeats (n ≥ 25). 
Features that were clearly unusable (e.g. mostly incomplete, protein outside of pattern region) 
were not used for image analysis. Partially complete, nearly complete, and complete features 
were analyzed. 
2.4.5. Evaluation of protein stability under cell culture conditions  
One set of gels was assessed for protein stability on the gel after one week in culture 
conditions. After initial imaging for patterning efficacy, the gels were placed in cell culture 
media for one week, with media changed every 3 days and placed in an incubator, simulating 
standard cell culture procedures (see Section 2.5.2 for more information). 
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2.5. µCP to pattern substrates for cell culture  
2.5.1. Substrate preparation  
The gels were prepared based on the optimization of parameters above. Briefly, 
simultaneously, PA gels were treated with EDC/NHS while ink solution was absorbed on PDMS 
stamps for 30 minutes. For most gels, the ink solution contained 10% collagen and 5% 
fibronectin in PBS; however, some gels contained an additional 5% fluorescent protein to 
compare cell growth to patterned area. The PA gels were rinsed and dehydrated on a hotplate, 
and the protein solution was wicked with a Kimwipe and blow-dried under compressed air. The 
stamps were placed on the gels and manual pressure was applied. The gel was rinsed and 
rehydrated in PBS, and sterilized under UV light in the biosafety cabinet for 30 minutes in 
preparation for cell culture. 
2.5.2. Cell culture 
D1 ORL UVA mouse mesenchymal stem cells (ATCC, Manassa, VA) were received 
frozen. Cells were thawed between passage 4-6 and expanded in growth media containing 90% 
Dulbecco’s minimum Essential Medium with glucose and L-Glutamine (Thermo Fisher 
Scientific), 10% fetal bovine serum (Thermo Fisher Scientific), and 100 units/ml, penicillin-
streptomycin (Thermo Fisher Scientific), and 0.025 mg/ml normocin (InvivoGen, San Diego, 
CA). Cells were lifted using trypsin (Sigma-Aldrich) and the cell density was counted using a 
hemocytometer.  The density of the cells was adjusted such that the cells would be seeded at 
1000 cells/cm2 on the patterned PA gels. Cells were allowed 30 minutes to attach to the gel, gels 
were rinsed in PBS, and fresh media was added. After 24 hours, cell media was either replaced 
with fresh growth media or osteogenic media, depending on the experiment.  Osteogenic media 
contained growth media plus 100 µg/ml ascorbic acid (Cayman Chemical, Ann Arbor, MO) and 
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5 mM beta-glyerophosphate (Cayman Chemical) to promote osteogenesis [5], [6]. Cell media 
was replaced every 2-3 days. Cells were cultured using standard conditions, in an incubator at 
37C and 5% CO2. 
2.5.3. Cell culture imaging and staining  
For growth rate calculations, gels were imaged 4 hours after seeding and approximately 
24 hours, under brightfield microscopy. Sets of gels were fixed on either day 3, 5, 7, or 9, gels 
with 10% neutral-buffered formalin (Sigma-Aldrich) for 10 minutes, rinsed in PBS three times, 
and treated with 0.1% Triton X-100 (Sigma Aldrich) for 3 minutes. Cultures were rinsed three 
times and treated with 4’,6’-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) for 3 minutes 
to stain for the cell nucleus. The cultures were rinsed 5 times in PBS and imaged under 
fluorescent microscopy.   
2.5.4. Quantification of cell density, fold increase, and confluence 
A daily cell count was performed manually on the brightfield images using ImageJ’s Cell 
Counter plugin (NIH, Bethesda, MD). Cells were counted manually because at high confluence, 
the cells were too densely packed for an accurate automated cell count. 
To verify manual counting of brightfield images, a manual cell count was performed on 
fluorescent images of the same repeat after DAPI staining and the results were compared. 
Additionally, an automated cell count was performed on DAPI images. 
Cell density was calculated by  
 𝐶𝑒𝑙𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠𝑓𝑒𝑎𝑡𝑢𝑟𝑒 𝑎𝑟𝑒𝑎  Eq. 2 
For statistical analysis, cell density at seeding was combined for both osteogenic and 
growth media, since the media choice was not determined until day 1, (number of feature repeats 
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≥ 16). Statistical significance between feature size was tested using a one-way ANOVA with 
Tukey post-hoc test in OriginLab. Cell density at confluence (number of feature repeats ≥ 8) was 
tested for statistical significance between feature size and media types (growth and osteogenic) 
using a two-way ANOVA with Tukey post-hoc test in OriginLab. 
For each feature repeat, the fold increase was calculated by  
𝐹𝑜𝑙𝑑 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠!"##$%& !"# − 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠!"#$%&'( !"#𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠!"#$%&'( !"#  Eq. 3 
Fold increase (number of feature repeats ≥ 8) was tested for statistical significance 
between media types for each day using two-tailed t-tests for two samples of equal variance in 
OriginLab. 
Confluency is broadly defined as an estimated cell density (e.g. 40% confluency means 
40% of the area is covered in cells, and 60% is background). Cells have reached confluence 
when (1) cells are densely packed (80-100% confluency) and (2) the cells are no longer dividing 
rapidly (broadly defined relative to a slower period of growth, such as when the cell count is 
reaching steady state). These terms are not defined quantitatively and typically vary for different 
applications and cell types. In this work, (1) cells are densely packed based on visual inspection. 
(2) Rapid proliferation is defined in this work as having a fold increase greater than 1 for 
multiple days – a fold increase equal to 1 means that the cell population has doubled in 24 hours. 
The cells have reached steady state when there is a sudden decrease from this period of rapid 
proliferation. The fold increase threshold for steady state will be determined from the results. 
Thus, confluence was determined quantitatively when (1) the cells were visually densely packed, 
and (2) the fold increase had a sudden decrease from 1. 
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Chapter 3. Results 
3.1. Determination of values of process parameters 
3.1.1. Types of incomplete transfer defects 
For each gel, the number of complete feature repeats, defined by complete or nearly 
complete transfer of protein (Fig. 5A & 5B), was counted. Types of incomplete transfer are 
classified into the categories of partial transfer of protein (Fig. 5C), no transfer of protein, or 
transfer of protein outside of the pattern. There are two common cases for protein transfer 
outside of the pattern. First, the stamp slides while on the gel, causing a smeared pattern (Fig. 
5E). Second, too much pressure is applied to the stamp, causing collapse of the stamp, such that 
the depressed regions of the stamp are in contact with the gel (undesired) as well as the elevated 
regions of the stamp (desired). This results in protein in between individual features (Fig. 5D). 
Partial transfer is only observed in 1000, 500, and 250 micron features because the area for 
patterns of this size is sufficiently large to allow partial transfer. In contrast, for smaller features 
(100, 50, 25 micron), the protein either transfers completely or did not transfer at all. 
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Figure 5. Representative figures of pattern completeness. A) Complete. B) Nearly complete (small 
defects). C) Incomplete (large defect). D) Transfer of protein outside of outside of the pattern. E) Smeared 
pattern. 
3.1.2. Optimization of process parameters  
The optimal process parameters are determined by evaluating both the feasibility of the 
process and the completeness of the pattern on the gel (Table 3). 
  
A B C 
D E 
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Table 3. Process parameters. 
Parameters Values tested Optimized 
stamp inking time 0 min 
30 min 
60 min 
overnight (8 hours) 
30 min 
protein solution composition protein in PBS 
protein, tween, and glycerol in PBS 
protein in PBS 
stamp drying method wick with Kim wipe 
blow-dry with compressed air 
combination 
air dry 
combination of Kim 
wipe and compressed air 
stamp drying time 0 min 
30 min 
60 min 
overnight (8 hours) 
0 min 
hydration state of gel fully hydrated 
partially hydrated 
partially dehydrated 
pressure applied to stamp  no additional pressure 
static pressure – 5 g 
static pressure – 10 g  
dynamic pressure 
dynamic pressure 
stamp-gel contact time 0 s 
10 s 
30 s 
60 s (1 min) 
5 min 
0 min 
absorption time after 
stamping 
0 min 
30 min 
60 min 
0 min 
 
Stamp inking time: 30 min (Fig. 6). When the protein solution is left on the stamp 
overnight, the ink dries out, the proteins aggregate, and the stamp cannot be used for stamping, 
and thus overnight stamp inking time was not tested further.  
The remaining three values were tested. There is a significant difference for all feature 
sizes between 0 and 30 minutes, and 0 and 60 minutes of inking time. There is no significant 
difference between 30 and 60 minutes. Thus 30 minutes is determined for the inking time 
because more time does not significantly increase the number of usable features. 
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For 0 minutes of inking time, the fraction of useable features is 0.100±0.137, 
0.0667±0.0913, 0.100±0.0559, 0.0737±0.0226, 0.0486±0.0226, and 0.0164±0.0150 for 1000, 
500, 250, 100, 50, and 25 micron features, respectively. For 30 minutes of inking time, the 
fraction of useable features is 0.700±0.209, 0.733±0.190, 0.650±0.105, 0.811±0.0956, 
0.773±0.149, and 0.855±0.139 for 1000, 500, 250, 100, 50, and 25 micron features, respectively. 
For 60 minutes of inking time, the fraction of useable features is 0.750±0.177, 0.700±0.139, 
0.625±0.0884, 0.747±0.141, 0.789±0.164, and 0.767±0.132 for 1000, 500, 250, 100, 50, and 25 
micron features, respectively.  
 
Figure 6. Stamp inking time. There is no significant difference between 30 and 60 min. There are 
significant differences between 0 min and both 30 and 60 min for all feature sizes. 
 
Protein solution composition: protein in PBS. The deaggregates interfere with the 
transfer of the protein to the gel. When the stamp is pressed into the gel, most of the protein stays 
on the stamp, instead of transferring to the gel, causing a weak protein signal. Additionally, since 
-0.2	
0	
0.2	
0.4	
0.6	
0.8	
1	
1.2	
1	 2	 3	 4	 5	 6	
Fr
ac
tio
n 
U
se
ab
le
 
Feature Size 
Series1	
Series2	
Series3	
31 
 
the deaggregates help prevent evaporation, protein in solution is still present, rather than a 
monolayer of protein, after drying. When the stamp is then applied to the gel, the protein solution 
drops onto the gel, resulting in protein transfer outside of the pattern. Thus, using deaggregates is 
not feasible, and the protein solution was simply protein in PBS. 
Stamp drying method: combination (wick with Kimwipe, then blow-dry with compressed 
air) (Fig. 7). When the stamp is left to air dry for 30 minutes, the stamp is still wet when applied 
to the gel, which caused protein transfer outside of the pattern. The other methods of drying have 
similar results. Although there are no significant differences between use of the Kimwipe, 
compressed air, or combination drying, the Kimwipe drying generally performed worse because 
it did not dry the stamp well enough to prevent undesired patterning (similar to no drying). When 
the protein solution is blown off with the compressed air, without wicking off the excess solution 
beforehand, the solution does splatter when blow-dried, creating a mess. Wicking off the solution 
with a Kimwipe before using compressed air keeps the lab space clean. Thus the combination of 
Kimwipe and air hose drying is the optimal method of drying because it performs well and 
reduces waste and mess during the substrate preparation.  
For drying only by wicking with a Kimwipe (Fig. 7), the fraction of useable features is 
0.550±0.209, 0.500±0.264, 0.425±0.259, 0.411±0.338, 0.411±0.329, and 0.373±0.167 for 1000, 
500, 250, 100, 50, and 25 micron features, respectively. For drying only by blow-drying with 
compressed air, the fraction of useable features is 0.650±0.285, 0.600±0.190, 0.475±0.240, 
0.547±0.222, 0.547±0.338, 0.584±0.329, and 0.474±0.167 for 1000, 500, 250, 100, 50, and 25 
micron features, respectively. For drying using a combination of Kimwipe and compressed air, 
the fraction of useable features is 0.700±0.326, 0.600±0.190, 0.620±0.205, 0.579±0.235, 
0.692±0.184, and 0.460±0.270 for 1000, 500, 250, 100, 50, and 25 micron features, respectively. 
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For air drying, the fraction of useable features is 0.250±0.306, 0.300±0.139, 0.275±0.163, 
0.116±0.0865, 0.0973±0.0102, and 0.0932±0.0905 for 1000, 500, 250, 100, 50, and 25 micron 
features, respectively.  
  
Figure 7. Stamp drying method. There was no significant difference between Kim wipe, compressed 
air, and combination. 
 
Stamp drying time: 0 min (Fig. 8). For the stamp that is dried overnight, the protein dries 
out and forms aggregates, and thus does not transfer to the gel at all.  Drying overnight is 
excluded as a possible drying time. To minimize protein aggregation, a short drying time (i.e. 0 
min) is better than the longer drying times, although this difference is only significant for two 
feature sizes. The increased drying time dries out the protein and prevents proper transfer.  
For 0 minutes of drying time, the fraction of useable features is 0.750±0.177, 
0.667±0.118, 0.675±0.143, 0.789±0.0832, 0.719±0.154, and 0.699±0.108 for 1000, 500, 250, 
100, 50, and 25 micron features, respectively. For 30 minutes of drying time, the fraction of 
useable features is 0.650±0.224, 0.600±0.190, 0.575±0.111, 0.562±0.164, and 0.652±0.145 for 
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1000, 500, 250, 100, 50, and 25 micron features, respectively. For 60 minutes of drying time, the 
fraction of useable features is 0.350±0.285, 0.433±0.190, 0.475±0.105, 0.463±0.254, 
0.595±0.158, and 0.710±0.139 for 1000, 500, 250, 100, 50, and 25 micron features, respectively. 
 
Figure 8. Stamp drying time. There are significant differences between 0 and 60 min for 1000 and 
100 feature sizes. There is a trend that 0 min yielded the best results for all feature sizes, although not always 
significant. 
 
Hydration state of the gel: partially dehydrated. When the gel is not dehydrated, the 
excess water in and on the gel causes the stamp to slip on the gel surface, causing the protein 
pattern to smear.  Thus the gels are dehydrated before stamping. 
Pressure applied to stamp: dynamic pressure (Fig. 9). The pressure caused by the weight 
of the stamp alone does not provide enough pressure to create consistent contact between the gel 
and stamp for larger feature sizes. When a static pressure is used via 5 or 10 g weights, the 
pressure ensures sufficient contact for larger feature sizes, but it causes collapse of the stamp and 
protein transfer outside of the pattern for smaller features. Since larger feature sizes have a larger 
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area, then a larger weight is required to have the same contact pressure (force per area). The 10 g 
weight has the most useable features with the 1000 micron feature because it has the largest area. 
For all smaller features, that weight causes undesired patterning in the form of PDMS collapse. 
The 5 g weight has the most useable features for the 100, 250, and 500 micron features. There is 
not enough pressure for the 1000 micron features to have complete transfer of protein, and the 
smaller features still have PDMS collapse. Thus with manual application of stamping, the larger 
features can be pressed more and the smaller features can be pressed less in order to apply the 
optimal pressure for the full range of features used in this work. Thus, a dynamic pressure to 
control the different pressures required for different feature sizes. 
For no additional pressure during stamping, the fraction of useable features is 
0.100±0.137, 0.1333±0.139, 0.350±0.163, 0.411±0.184, 0.751±0.161, and 0.762±0.178 for 1000, 
500, 250, 100, 50, and 25 micron features, respectively. For 5 g weight, the fraction of useable 
features is 0.350±0.137, 0.433±0.0913, 0.500±0.198, 0.526±0.166, 0.529±0.161, and 
0.373±0.124 for 1000, 500, 250, 100, 50, and 25 micron features, respectively. For 10 g weight, 
the fraction of useable features is 0.500±0.250, 0.367±0.139, 0.425±0.244, 0.495±0.142, 
0.270±0.169, and 0.252±0.144 for 1000, 500, 250, 100, 50, and 25 micron features, respectively. 
For dynamic pressure applied during stamping, the fraction of useable features is 0.620±0.137, 
0.533±0.217, 0.650±0.163, 0.684±0.0985, 0.692±0.172, and 0.753±0.172 for 1000, 500, 250, 
100, 50, and 25 micron features, respectively. 
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Figure 9. Pressure applied to the stamp. There are significant differences; for larger features, no 
additional pressure is significantly less than static and dynamic pressure, and for smaller features, static 
pressures are significantly less than no additional pressure and dynamic pressure. Dynamic pressure yielded 
the best and most consistent results for all feature sizes. 
 
Stamp-gel contact time: 0 s (Fig. 10). The longer the stamp and gel are in contact, the 
more prone the PDMS is to collapsing. Thus 0 seconds of contact time is determined as optimal. 
For 0 seconds of stamp-gel contact time, the fraction of useable features is 0.700±0.190, 
0.567±0.139, 0.675±0.259, 0.642±0.139, 0.703±0.278, and 0.668±0.342 for 1000, 500, 250, 100, 
50, and 25 micron features, respectively. For 10 seconds of stamp-gel contact time, the fraction 
of useable features is 0.650±0.139, 0.533±0.259, 0.450±0.143, 0.537±0.120, 0.562±0.206, and 
0.419±0.306 for 1000, 500, 250, 100, 50, and 25 micron features, respectively. For 30 seconds of 
stamp-gel contact time, the fraction of useable features is 0.450±0.253, 0.433±0.2559, 
0.325±0.237, 0.474±0.121, 0.497±0.181, and 0.389±0.342 for 1000, 500, 250, 100, 50, and 25 
micron features, respectively. For 60 seconds of stamp-gel contact time, the fraction of useable 
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features is 0.350±0.274, 0.467±0.190, 0.300±0.160, 0.463±0.158, 0.470±0.159, and 0.323±0.191 
for 1000, 500, 250, 100, 50, and 25 micron features, respectively. For 5 minutes of stamp-gel 
contact time, the fraction of useable features is 0.150±0.139, 0.133±0.259, 0.175±0.139, 
0.0842±0.278, 0.124±0.342, and 0.0493±0.0553 for 1000, 500, 250, 100, 50, and 25 micron 
features, respectively. 
 
Figure 10. Stamp-gel contact time. Significant differences shown; 0 seconds has significantly more 
useable features compared to than longer times for certain feature sizes. 0 seconds yielded best results. 
 
Absorption time after stamping: 0 min (Fig. 11). There is no significant difference 
between the different absorption times after stamping, thus absorption time is not required (i.e. 0 
min) before rinsing and rehydrating. Additionally, when hydrogels are left out too long without 
hydration, they dry out and cracks form in the gel. Since more absorption time does not increase 
pattern efficacy, the gels should be rinsed and rehydrated immediately after stamping.  
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For 0 minutes of absorption time, the fraction of useable features is 0.600±0.137, 
0.600±0.346, 0.500±0.153, 0.589±0.218, 0.465±0.224, and 0.447±0.151 for 1000, 500, 250, 100, 
50, and 25 micron features, respectively. For 30 minutes of absorption time, the fraction of 
useable features is 0.550±0.274, 0.567±0.401, 0.525±0.185, 0.653±0.156, 0.551±0.291, and 
0.367±0.278 for 1000, 500, 250, 100, 50, and 25 micron features, respectively. For 60 minutes of 
absorption time, the fraction of useable features is 0.550±0.273, 0.467±0.217, 0.425±0.168, 
0.463±0.126, 0.524±0.301, and 0.468±0.246 for 1000, 500, 250, 100, 50, and 25 micron features, 
respectively. 
 
Figure 11. Absorption time after stamping. There are no significant differences. 
 
3.2. Amount of protein on stamp 
After selection of the final process parameters, gels were analyzed for the area fraction of 
protein transferred to the gel (Table 4, Fig. 12). All features had above 0.90 fractional area 
covered, meaning at least 90% of the protein pattern from the stamp transferred to the gel.  
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Table 4. Average fraction area covered per feature size. n ≥ 25 for all feature sizes. 
Feature Size Fraction area covered 
1000 0.952 ± 0.120 
500 0.905 ± 0.0800 
250 0.994 ± 0.0752 
100 1.012 ± 0.0419 
50 1.009 ± 0.0552 
25 1.0283 ± 0.0826 
 
 
Figure 12. Average fraction area covered per feature size. All features are near 90% of expected area 
coverage.  
 
Although not 100% of protein transfers to the gel, most of the protein does transfer. For 
1000 micron features, about 95% of the protein transfers on average, and for 500 micron 
features, about 90% of the protein transfers. To look at this in more detail, the portion of repeats 
above a threshold (50%, 75%, 90%, 95%, and 99%) of area covered for larger feature sizes 
(1000, 500, 250 micron) was calculated. For these feature sizes, the majority of repeats have at 
least 90% of the protein transferred (Table 5, Fig. 13). 
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Table 5. Percent of feature repeats above listed threshold. 
 Threshold values 
Feature size 99% 95% 90% 75% 50% 
1000 30.43 69.57 78.26 95.65 100 
500 62.75 80.39 84.31 98.04 100 
250 87.04 94.44 98.15 100 100 
 
 
Figure 13. Fraction of features above listed threshold. Over two-thirds of features are at least 95% 
covered, and almost 80% are at least 90% covered. These values are sufficient levels. 
 
Overall, this means that the stamping procedure is reliable and repeatable. Around 90% 
of the area is covered on average, and a good portion of features are useable (80% of features are 
at least 90% covered). This means that any resulting trends in cell organization or proliferation 
are due to the cell changes themselves and are not dominated by the area of the stamp. 
3.2.1. Stability of protein after stamping 
After one week of gels in simulated culture, the gels were imaged. Images from the gels 
on day 0 and day 7 are analyzed with the same thresholding method above and compared. They 
had the same signal on day 0 and day 7. 
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3.3. Cell culture 
3.3.1. Cell proliferation over patterned area 
Cells proliferate over all the patterned area of the gel. Cells proliferate over the whole 
area of the pattern as long as there is some protein pattern; there does not appear to be a 
minimum threshold of protein intensities required for cell attachment. If a pattern has small 
defects or voids, cells are able to proliferate and fill in these gaps (Fig. 14), but they do not 
proliferate to larger areas outside of the patterned region. There are no noticeable differences in 
proliferation preference between areas of different protein intensities.  
 
Figure 14. Representative images of cell growth (grayscale) over protein-patterned (green) substrates 
with defects in protein patterning. Cells grow over small defects in patterning and gaps of protein, but will 
not extend beyond the boundaries. 
 
3.3.2. Cell shape during seeding, proliferation, confluence 
Cells were imaged 4 hours after seeding and every 24 hours after. On day 0 (4 hours after 
seeding), cells appear rounded because they are still attaching and spreading out after being lifted 
for seeding.  
The cells proliferate over the feature until they reach confluency. For 25, 50, and 100 
micron features, cells are confluent typically around day 3 or earlier (Fig. 15). For some 50 and 
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most 25 micron feature repeats, the cells overgrow the protein patterned area (Fig. 15 for 25 
micron, days 4, 5, 9). In contrast 250, 500, and 1000 micron features begin to visually reach 
confluence after day 5 and do not overgrow the pattern boundaries.  
As the cells proliferate over larger feature, there is a notable shape change (Fig. 15). Cells 
on day 1 for 1000, 500, 250, and 100 micron features have an elongated cell body and extended 
processes emanating from the cell body. As cells continue to proliferate on 1000, 500, 250 and 
100 micron features, the cells remain elongated as the features approach confluence, around days 
4-5. However, as the cells begin to reach confluence, there is a shape change, and the cells 
become cuboidal. However, this shape change is not seen on 50 and 25 micron features. On day 
1 for 25 and 50 micron features, the cells are more spherical. As these features proliferate, the 
cells adopt a mix of spherical and cuboidal morphologies, but are not elongated. 
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Figure 15. Representative images of cell features at different days and protein pattern for area 
comparison. For 1000, 500, 250, and 100 features, the cells on early days are elongated and on later days are 
cuboidal. For 25 and 50 micron features, the cells are always rounded. The cells on 1000, 500, 250, rapidly 
proliferate, and the cells on 100, 50, and 25 microns do not proliferate much in comparison. For 1000 and 500 
micron features, days 1, 5, and 9 are shown. For 250 micron features, days 1, 4, 5, and 9 are shown. For 100 
and 50 micron features, days 1, 2, 3, 4, and 9 are shown. For 25 micron features, days 1, 2, 3, 4, 5, and 9 are 
shown. 
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3.3.3. Cell density, fold increase, and confluence 
Cell density is calculated for each day in culture. Cells are seeded at 1000 cells per cm2 
for the gel as a whole; however, the average seeding density (cell density on day 0) on the 
feature repeats themselves is higher than this seeding density (Table 6). 
Seeding densities are compared across feature sizes. The seeding density does not depend 
on growth or osteogenic media since all cells are cultured in growth media for the first 24 hours. 
There is no significant difference in seeding density for 1000, 500, 250, and 100 micron features 
(Fig. 16). There are significant differences between seeding density for 25 micron and all other 
feature sizes and 50 micron and all other feature sizes.  
 
Figure 16. Seeding density for 1000, 500, 250, 100, 50, and 25 micron features. There is a significant 
difference between 25 and all other feature sizes, and 50 and all other feature sizes. 1000, 500, 250, and 100 
micron features have statically the same seeding density. 
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Table 6. Actual cell seeding density on features, compared to expected seeded at 1000 
cells/cm2. 
Feature size Expected number of cells 
at seeding (cells) 
Number of cells at 
seeding (cells) 
Cell seeding density 
(cells/cm2) 
1000 7.86 59.4 7570 ± 3130 
500 1.96 14.7 7480 ± 3940 
250 0.491 5.07 10,300 ± 9270 
100 0.0785 1.41 18,000 ± 9900 
50 0.0196 1.20 63,500 ± 32,500  
25 0.00491 1.03 211,000 ± 37,200 
 
 
Figure 17. Cell density vs day in culture for all feature sizes and the two media types. The cell density 
at day 0 is significantly different for 25 and 50 micron features (Fig. 16, Table 6). The cell density at day 9 is 
only significantly different for 25 micron features (Fig. 19). 
 
Cell density is calculated for each day in culture and averaged over all repeats for the 
same day (Fig. 17). The 1000, 500, 250, and 100 micron feature lines coincide. The 50 micron 
feature lines are slightly higher than the lines for larger features. There is a notable difference for 
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the 25 micron features. For 1000, 500, and 250 micron feature sizes, the cell densities at day 0, 1, 
7, 8, and 9 are similar, but for days in between, the cell density for growth media tends to be 
higher than the cell density for osteogenic media. 
Fold increase (Fig. 18), a measure of cell proliferation, is significantly different between 
osteogenic and growth media for some cell feature sizes for certain days (Table 7). The 50 
micron features do not show any significant differences in fold increase because they are seeded 
at a relatively high seeding density compared to the feature size. There are significant differences 
in fold increase between osteogenic and growth media for larger features (1000, 500, 250, 100 
micron) for the days after the media is changed from growth to osteogenic media for osteogenic 
samples (day 1). There are significant differences until day 7 because at day 7, the proliferation 
rate has decreased (Fig. 18); the fold increase is approaching zero. At this point, the cells have 
reached confluence.  
Rapid proliferation is broadly defined as a period of rapid growth relative to some other 
period of slower growth; here rapid proliferation is defined as when the fold increase is greater 
than 1 for multiple days. For multiple days, on average the 1000, 500, 250, and 100 micron 
features (Fig. 18A&B) have a fold increase larger than 1. On average the 50 micron features 
(Fig. 18B) have a fold increase larger than 1 for one day, and this is because the feature starts off 
with one cell, so any proliferation is doubling (fold increase of 1). On average the 25 micron 
features never have a fold increase greater than 1 since some cells on 25 micron features double 
on day 1 and some delay doubling until much later days. Thus, 1000, 500, 250, and 100 micron 
features experience rapid growth, and 50 and 25 micron features do not. 
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 Figure 18 A&B. (continue to next page.) 
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Figure 18. A&B) Fold increase relative to confluence (fold increase < 0.25) for A) 1000, 500, 250 
micron features and B) 100, 50, 25 micron features. All feature sizes reach confluence around day 7. C-H) 
Fold increase with error bars. C) 1000 micron – the fold increase for growth media is significantly higher 
than the fold increase for osteogenic media on days 3 and 4. D) 500 micron – the fold increase for growth 
media is significantly higher than the fold increase for osteogenic media on days 4 and 5. E) 250 micron – the 
fold increase for growth media is significantly higher than the fold increase for osteogenic media on days 4 
and 5. F) 100 micron – the fold increase for growth media is significantly higher than the fold increase for 
osteogenic media on day 6. G) 50 micron – there is no significant difference in fold increase for any day. H) 25 
micron –the fold increase for osteogenic media is significantly higher than the fold increase for growth media 
on day 4. 
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Table 7. P-values for fold increase between osteogenic and growth media, significant values 
shaded (p<0.5). 
Feature size 1000 500 250 100 50 25 
Day 1 0.530007 0.884321 0.242628 0.132665 0.13791 0.312843 
Day 2 0.49144 0.938001 0.847064 0.469031 0.856069 0.142385 
Day 3 0.034699 0.933426 0.877053 0.381745 0.061379 0.068838 
Day 4 0.014767 0.000145 0.001147 0.577728 0.797109 0.018282 
Day 5 0.958788 0.000671 0.030454 0.185672 0.212771 0.610132 
Day 6 0.671214 0.585608 0.220369 0.045749 0.700337 0.637111 
Day 7 0.608791 0.659922 0.520224 0.253874 0.222898 0.063078 
Day 8  0.382119 0.399468 0.490237 0.125394 0.209364 0.080491 
Day 9 0.064188 0.459311 0.018039 0.800368 0.679924 0.318611 
 
Cell confluence is determined by when (1) the cells are visually densely packed, and (2) 
the fold increase has a sudden decrease. Initially, the cells on the larger features have a fold 
increase of around 1, meaning they are approximately doubling (Fig. 18A). As the cells become 
more densely packed, the fold increase varies, and slightly decreases, but still remains around 1. 
Then, there is a sudden decrease around day 6 to 7, when the fold increase reduces to 0.1 to 0.2. 
From these results, confluence was defined when the fold increase consistently remains below 
0.25 after several days in culture. Interestingly, on day 4 for the 25 micron features, cells 
cultured in osteogenic media have a significantly higher fold increase compared to cells cultured 
in growth media.  
The cell density at confluence is measured and compared using a two-way ANOVA (Fig. 
19). There is no significant difference for cell density at confluence between growth and 
osteogenic media. There interaction between media and feature size is not significant. There is 
no significant difference for cell density at confluence for 1000, 500, 250, 100, and 50 micron 
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features. However, there is significant difference between 25 micron features and all other 
feature sizes.  
  
Figure 19. Cell density at confluence for all feature sizes and media types. There is no significant 
difference for cell density at confluence for 1000, 500, 250, 100, and 50 micron features. There is a significant 
difference for cell density of 25 micron features with all feature sizes. 
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Chapter 4. Discussion 
4.1. Patterning 
Patterning has been optimized for the range of feature sizes of interest in this study. This 
is the first study to show this range of feature sizes on hydrogels. Ruiz et al. have patterned 250, 
500, 1000 micron features on glass, not on gels, and do not use smaller features than 250 micron 
[1]. Studies that pattern on hydrogels show patterning of different geometries of similar size to 
25 and 50 micron features [2]–[4], but do not pattern larger features than 100 micron features. 
4.2. Cell Culture 
4.2.1. Cell shape 
For larger features, there is a notable difference in cell shape during the proliferative 
stages and the cell shape at confluency. The proliferative cells are elongated, similar to 
proliferative pre-osteoblasts in vivo, and the cells at confluence are cuboidal, similar to post-
proliferative, mature osteoblasts [5]. This change in cell shape seems to occur near confluence, 
and all cells change shape within one day. Quantitative measurements of cell shape at different 
days alongside cell density and cell confluence data can be used to test this hypothesis. We 
hypothesize that there is a density at which this change in morphology occurs. 
For the 50 and 25 micron features, the cells are always spherical or cuboidal regardless of 
day in culture because the cells are confined to a small area (1963 micron2).  Other studies have 
observed more adipogenic potential on small, confined features because adipocytes prefer a 
spherical morphology and pre-osteoblasts prefer an elongated one [2], [6]. In a paper by 
McBeath et al., one of the first studies to look at cell shape confinement, they compared 625 and 
10,000 micron2 squares, and found that single MSCs on the smaller 625 micron2 squares prefer 
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to undergo adipogenic differentiation and cells on the 10,000 micron2 squares prefer to undergo 
osteogenic differentiation [6]. Futhermore, Peng et al., using a wider array of feature sizes, found 
that MSCs having an area of 2826 micron2 or larger prefer the osteogenic lineage to adipogenic 
lineage [2]. Further analysis using osteogenic and adipogenic markers may confirm this 
hypothesis for our work. 
4.2.2. Seeding density 
The cells were seeded at 1000 cells/cm2; however, the local density on all features is 
higher than the nominal seeding density (Table 6). Similarly, there are significant differences 
between seeding density for 25 micron features compared to all other feature sizes, and 50 
micron compared to all other feature sizes. This deviation occurs because the expected number 
of cells per feature repeat is so small, there is a probably that features will not have any cells and 
features without any cells were not included in analysis. This error is magnified as the feature 
size decreases because fewer cells are expected to be on each feature repeat, to the point where 
250 micron features and smaller are expected to have less than one cell on each repeat. Thus it is 
not a question of how many cells will be on each feature repeat, but rather, what is the 
probability that a feature repeat will have one cell on it. Because of this discrepancy, the 25 and 
50 micron features have significant differences in initial seeding compared to 100, 250, 500, and 
1000 micron features.  
4.2.3. Proliferation 
The large features (1000, 500, 250 micron features) have a period of rapid proliferation of 
cells, and the smaller features do not. The fold increase during rapid proliferation is higher than 
the fold increase near confluence, as expected [7]. For the large features, proliferation rate varied 
with media types, but did not vary with feature size. During rapid proliferation, the fold increase 
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is significantly higher for cells cultured in growth media compared to osteogenic media.  This 
result agrees with previous results by Brudert et al. who showed a significant increase in the 
number of population doublings (another measure of proliferation), in growth media compared to 
osteogenic media on unpatterned plastic substrates.[8].  
Interestingly, on day 4 for the 25 micron features, cells cultured in osteogenic media have 
a significantly higher fold increase compared to cells cultured in growth media. The cells on 25 
micron features are more rounded compared to cells on larger features that provide sufficient 
space to spread. This confined shape may make the cells more adipogenic, as seen in similar 
studies [6], [9], however investigating adipogenesis is outside the scope of this thesis. Further, 
these studies focused on single cell differentiation and prevented proliferation using aphidicolin, 
a DNA polymerase inhibitor [6], [9]. Since the cells in this study are proliferating and 
overgrowing the protein-patterned region, they may be at a more mature, osteogenic stage. 
Further studies using adipogenic and osteogenic markers can provide insight to this question.  
4.2.4. Confluence 
The cell density at confluence is independent of media and feature size in culture, except 
for small, confined 25 micron features. Because of the difference in feature sizes, the initial 
seeding density is significantly different for 50 micron features; however, the cell density at 
confluence is not significantly different. Previous work has shown that the cell density at 
confluence is independent of initial seeding density [10]. The reason that the 25 micron features 
do show significant difference in cell density at confluence is because the cells are seeded at near 
confluence. On larger feature sizes, the cells reach confluence around 300,000 cells/cm2, and the 
25 micron features are seeded at 211,000 cells/cm2, meaning that they are already near/at 
confluence. Any proliferation of cells on the 25 micron features causes over-packing and 
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overgrowth of the patterned area (Fig. 15). The cells are overgrowing the confined, patterned 
boundaries. This new area is not taken into account, thus the cell density at confluence for 25 
micron features is higher than all other cell densities at confluence. Alternatively, as mentioned 
before, the cells on 25 micron features may be more adipogenic and adipocytes have a different 
density at confluence that osteoblasts.  
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Chapter 5. Conclusion 
5.1. Review of findings 
This work demonstrated successful patterning of a range of feature sizes, from 25 to 1000 
microns, on a single polyacrylamide gel using µCP; no other work has shown this wide of range 
of feature sizes on a single pattern. Using these methods, cells were seeded onto patterned gels 
and proliferation was observed.  
There is a notable difference in cell shape during early proliferative stages to confluence, 
and this change should be further investigated. Although the cell seeding density is higher than 
expected, there is no significant difference for seeding density for 1000, 500, 250, and 100 
micron features. The initial seeding is significantly higher for 50 microns compared to all other 
feature sizes, and 25 microns compared to all other feature sizes. Because the initial seeding is 
relatively low for 1000, 500, 250 and 100 micron features (compared to 50 and 25 micron 
features), the cells on 1000, 500, 250, and 100 micron features have sufficient space to rapidly 
proliferate (fold increase >1 for multiple days). The fold increase is higher when cells are 
cultured in growth media compared to osteogenic media for 100 to 1000 micron features. 
However, for smaller features, there is insufficient space for the cells to rapidly proliferate.  
Therefore, there is no significant difference in fold increase between growth and osteogenic 
media for smaller features, 25 and 50 microns. In summary, during the early days after seeding, 
the cells have an elongated shape. As the cells approach confluency on the features, the 
proliferation rate decreases and the cells become more cuboidal. Both of these switches occur 
over one day.  
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There is no significant difference in cell density at confluence between growth and 
osteogenic media, and for 50 to 1000 micron features. The cell density at confluence for 25 
micron features is significantly different compared to 1000, 500, 250, 100, and 50 micron 
features. This difference in cell density at confluence as well as the difference in shape for 25 
micron features suggests that the cells confined on 25 micron features are either at a different 
stage of osteogenesis or may be differentiating down a different lineage altogether (e.g. 
adipogenic). Further studies using osteogenic and adipogenic markers are needed. 
5.2. Future directions 
Proliferation, cell density, cell shape, and expression of differentiation markers are all 
important for osteogenesis. This study quantitatively measured proliferation and cell density, and 
qualitatively observed cell shape. Cells switch from an elongated to cuboidal shape, and 
proliferation rate suddenly decreases near confluence. Both of these switches occur over one day. 
Changes in cell shape should be quantitatively measured and related to cell density and cell 
shape. Additionally, markers for osteogenic and adipogenic differentiation need to be measured 
and compared across media type and feature size. 
A simulation of cell proliferation may be helpful in understanding the u. Since most methods for 
measuring cell shape and differentiation markers involve fixing cells, a single feature cannot be 
tracked through all stages of osteogenesis. Perhaps assembling these data into a simulation can 
allow the tracking of a single feature for all days and stages of osteogenesis. A simulation allows 
for a more controlled manipulation of parameters and can help further determine the prominent 
factors in osteogenesis. Additionally, through use of a simulation, repeated trails can be run 
quickly, over the course of hours, rather than a week in cell culture conditions. 
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Appendix 
Silicon Master Design  
The silicon master contains the pattern used in this study, as well as other patterns that 
may be helpful for future studies (Fig. 20). Briefly, the patterns with circles are used for this 
study because of their simplicity for cell colonies to grow. Another set of patterns contain rings 
with the intention of exploring if and how cells grow in the inner region of the ring. Another set 
of patterns contain ellipses because, for single cell differentiation, cells confined to higher aspect 
ratio geometries show more osteogenic potential, and this may be important for multicellular 
systems as well. Another pattern contains ringed ellipses examining both of these questions. And 
finally, the last set of features contains semi-infinite lines of different thickness. 
A-D. The first row contains duplicates of two patterns. Both patterns contain circles with 
diameter 1000, 500, 250, 100, 50, and 25 micron diameters. In the first pattern (A&C), the 
repeats are organized vertically so that the different feature sizes could be compared easily by 
moving horizontally. In the latter pattern (B&D), the repeats are organized in grids so that 
different repeats of the same feature size could be compared easily. 
L&M. The pattern contains circles with diameter 500, 400, 300, 200, 100, 50, and 25 
micron features. Patterns A-D contain a similar set up with a larger range of feature sizes; 
patterns L&M are intended to be used if a more targeted range of feature sizes is necessary. 
E&F. These patterns contain ring patterns with a range of inner and outer diameters. The 
1000 micron features have inner diameters of 0 (solid circle), 600, 800, 900, and 950 microns. 
The 500 micron features have inner diameters of 0, 100, 300, 400, and 450 microns. The 250 
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micron features have inner diameters of 0, 50, 150, and 200 microns. The 100 micron features 
have inner diameters of 0 and 50 microns. 
G&I. These pattern contain ellipses of different aspect ratios. With these ellipses, the 
minor axis length is constant, and the major diameter is changed. For example, the 1000 micron 
features have aspect ratios of 1 (minor axis length = 1000 micron and major axis length = 1000 
micron), 1.5 (minor = 1000 micron and major = 1500 micron), 2 (minor = 1000 micron and 
major = 2000 micron), and 4 (minor = 1000 micron and major = 4000 micron). The 500 micron 
features have aspect ratios of 1, 1.5, 2, and 4. The 250 micron features have aspect ratios of 1, 
1.5, 2, and 4. The 100 micron features have aspect ratios of 1, 1.5, 2, 4, and 8. The 50 micron 
features have aspect ratios of 1, 1.5, 2, 4, 8, and 16. The 25 micron features have aspect ratios of 
1, 1.5, 2, 4, 8, 16, and 32. 
J. These patterns contain ringed ellipses. The minor axis for both the inner and outer ring 
are kept constant and the major axis for both the inner and minor axis are scaled with aspect 
ratio, similar to solid ellipses. There are 1000, 500, 250, 100, and 0 micron features, and they all 
vary aspect ratios of 1, 1.5, and 2. The 1000 micron features have inner minor axes of 0 (solid), 
600, 800, 900, and 950 microns. The 500 micron features have inner minor axes of 0, 100, 300, 
400, and 450 microns. The 250 micron features have inner minor axes of 0, 50, 150, and 200 
microns. The 100 micron features have inner minor axes of 0 and 50 microns. 
H&K. These patterns contain semi-infinite lines. H. The length of all lines is 6150 
microns and each line is spaced 250 microns apart. There are four 500 micron thick lines, four 
250 micron thick lines, and 100 micron thick lines. K. There are four repeats of the same line 
pattern. The length of all lines is 2250 micron and spaced 100 microns apart. There are four 100 
micron lines, four 50, micron lines, four 25 micron lines, and four 10 micron lines. 
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Figure 20. Photolithography mask. 
A	 				B	 	 					C	 	 		D 
E	 	 	 F	 	 	G	 	 					H 
I	 	 	 						J	 	 	 	 	K 
L	 					M 
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Figure 21. Detailed view of patterns A-F of photolithography mask. 
A&C          B&D 
E          F 
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Figure 22. Detailed view of patterns A-F of photolithography mask. 
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Figure 23. Detailed view of patterns A-F of photolithography mask. 
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